Introduction
Recently, room temperature ionic liquids (RTILs) have attracted the attention of many researchers, because RTILs have various unique properties, such as high thermal stability, low flammability, high ionic conductivity, and wide electrochemical potential windows. [1] [2] [3] Therefore, many applications of RTILs have been examined so far, e.g. as new reaction media for the syntheses of organic compounds, 4 as media of metal-ion extractions, 5 and as alternatives to common electrolytes of capacitors 6 and batteries. 7 Especially, RTILs have been expected to be used as electrolytes with higher safety than general electrolytes consisting of organic solvents in lithium secondary batteries, because of its high thermal stability and low flammability. 8 Hence, many RTILs based on the bis(trifluoromethanesulfonyl)amide anion (TFSA -), such as N-methyl-Npropylpiperidinium bis(trifluoromethanesulfonyl)amide (PP13TFSA), 7a,7b,8b N,N,N-trimethyl-N-propylammonium bis-(trifluoromethanesulfonyl) amide (TMPATFSA), 7a 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide (EMImTFSA), 7a-7c,8b 1,2-dimethyl-3-propylimidazolium bis-(trifluoromethanesulfonyl)amide (DMPImTFSA), 7c N-methyl-N-propylpyrrolidinium bis(trifluoromethanesulfonyl)amide (P13TFSA), 7a and N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)amide (P14TFSA), have been studied as electrolytes for lithium secondary batteries. N, ammonium bis(trifluoromethanesulfonyl)amide (DEMETFSA), whose cation contains a methoxy group, has also been developed as an electrolyte for lithium secondary batteries, and its performances as an electrolyte have been reported by many researchers. 6,7d-7f,9 These studies have clarified that DEMETFSA has some advantages, e.g. a wider electrochemical potential window than RTILs based on the TFSA -anion having an aromatic quaternary ammonium cation, such as EMImTFSA, and a lower melting point, lower viscosity and higher conductivity than RTILs consisting of
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The solvation structure of the Li(I) species in N, N-diethyl-N-methyl-N-(2-methoxyethyl) In order to realize the application of these RTILs as electrolytes for lithium secondary batteries, basic data on the properties of RTILs solutions dissolving lithium salts, e.g. their electrochemical properties, and the solvation structures of the Li(I) species are necessary. The electrochemical properties of RTILs solutions containing lithium salts have been mainly studied by measuring the ionic conductivity, the diffusion coefficient, 10 and cyclic voltammograms (CV). 9b,9c Furthermore, the solvation structures of Li(I) species in RTILs solutions containing lithium salts have also been examined by using Raman spectroscopy, 11 multinuclear NMR spectroscopy, 12 differential scanning calorimetry (DSC), 13 crystal structure analysis, 14 and MD simulation. 10b, 15 Recently, the solvation structures of the Li(I) species in EMImTFSA and P14TFSA solutions containing LiTFSA have been studied by using Raman spectroscopy and DFT calculation. As a result, it has been clarified that Li + ion is solvated by two TFSA -anions in these RTILs. 16 However, little information is available on the solvation structure of the Li(I) species in DEMETFSA solutions containing LiTFSA. From this viewpoint, we have studied the solvation structure of the Li(I) species in DEMETFSA solutions by using Raman and multinuclear NMR spectroscopy over a relatively wide concentration range of LiTFSA.
Experimental

Materials
DEMETFSA (Kanto Chemical Co., Inc.) was purified by stirring with active carbon in water for 72 h, followed by the filtration of active carbon. A small amount of water in the separated DEMETFSA phase was removed by evaporation in vacuo at 80˚C for more than 72 h. LiTFSA was used as lithium salt, and prepared by a neutralization reaction between bis(trifluoromethanesulfonyl)amine (HTFSA, Kanto Chemical Co., Inc.) and Li2CO3 (Kanto Chemical Co., Inc.) in an aqueous solution, followed by the evaporation of water. Bis(trifluoromethanesulfonyl)amine was twice recrystarized by sublimation in advance. The resulting white powder was dried in vacuo at 80˚C for more than 72 h before use. The preparation of DEMECl was carried out according to methods described in previous literatures. 6, 17 The resulting DEMECl was twice recrystallized, and dried in vacuo at 80˚C for more than 72 h before use. DEMETFSA, LiTFSA and DEMECl were stored in a dry glove box filled with Ar (water content £ 0.1 ppm).
Raman spectroscopy
Sample solutions for Raman spectroscopic measurements were prepared by dissolving LiTFSA into DEMETFSA (0.12 -1.92 mol kg -1 , [the total molality of TFSA -(mTFSA)]/[the molality of LiTFSA (mLi)] (RTFSA) = 20.0 -2.22), and injected into glass sample tubes in a dry globe box. In order to prevent further moisture contamination, glass sample tubes were sealed using epoxy resin. Samples of DEMECl and LiTFSA in the solid state were also injected into glass sample tubes in a dry globe box, and sealed with epoxy resin. The water content of all samples was confirmed to be less than 50 ppm by a Karl Fischer titration method with a Metrohm 831 KF coulometer. Raman spectra were measured at 20˚C with a JASCO RMP-200 Raman spectrometer equipped with a CCD detector and a green laser operating at 532 nm. The optical resolution and laser power of this spectrometer were ca. 1.2 cm -1 and 100 mW, respectively. The Raman band intensities were normalized using 680 cm -1 bands due to vibration of the DEME + cation. Overlapped Raman bands were deconvoluted to extract single Raman bands with a nonlinear least-squares curve-fitting program. A single Raman band was presumed to be expressed by pseudo-Voigt function, fV(u) = g fL(u) + (1 -g)fG (u) , where fL(u) and fG(u) mean the Lorentzian and Gaussian components, respectively, and the parameter g (0 < g < 1) is the fraction of the Lorentzian component. To avoid uncertainty in obtaining the g values of the Raman bands, the g value was fixed to that obtained in a sample containing LiTFSA of 0.58 mol kg -1 . The intensity (I) of a single Raman band was evaluated by using I = gIL + (1 -g)IG, where IL and IG are the integrated intensities of the Lorentzian and Gaussian components, respectively.
Multinuclear NMR spectroscopy
Sample solutions for multinuclear NMR spectroscopy ( 7 Li and 19 F) were prepared by dissolving LiTFSA into DEMETFSA (0.12 -1.92 mol kg -1 , RTFSA = 20.0 -2.22), and injected into NMR sample tubes with an outer diameter of 5 mm in a dry globe box. Capillary tubes with an outer diameter of 3 mm containing an NMR rock reagent and an external standard, corresponding to each NMR measurement, were located at the centers of the sample tubes. NMR sample tubes containing the capillary tube were sealed with epoxy resin to prevent further moisture contamination. We used a 1.0 M LiCl/D2O solution and a 0.01 M NaF/D2O solution as external standards for 7 Li and 19 F NMR measurements, respectively. The water content of all samples was confirmed to be less than 50 ppm by a Karl Fischer titration method. F NMR spectra were measured using a JEOL JNM-ECX400P NMR spectrometer at resonance frequencies of 155.37 and 376.17 MHz, respectively. The temperature was kept at 25˚C throughout the measurement using temperature-controller equipped with this NMR spectrometer. The effects of volume magnetic susceptibility on measurements of the chemical shifts using the external standards were examined by using hexafluorobenzene (C6F6) as an internal standard of 19 F NMR measurements. As a result, we confirmed that the effects of the volume magnetic susceptibility are small in the LiTFSA concentration range of the present study.
Results and Discussion
Raman spectroscopy
Raman spectra of neat DEMETFSA and solid samples of DEMECl and LiTFSA were measured in the frequency range of 200 -1300 cm -1 , and are shown in Fig. 1 . It is known that the Raman spectra of RTILs based on the TFSA -anion, such as EMImTFSA, P13TFSA and P14TFSA, show an intense band assigned to the combination band of the stretching vibration us(SNS) and the bending vibration ds(CF3) at around 741 cm -1 , 11a,11b,16 that the TFSA -anion exists in equilibrium between the C1 (cis) and C2 (trans) conformers, 11b,18 and that these two conformers give an overlapped intense band at around 741 cm -1 . 16 Hence, the intense band at around 741 cm -1 observed in the Raman spectra of DEMETFSA (Fig. 1) can be assigned to be the overlapped band of the C1 and C2 conformers of the TFSA -anion. Furthermore, the DEME + cation does not have a band at around 741 cm -1 , as shown in the Raman spectrum of DEMECl in Fig. 1 . Thus, the intense band observed at around 741 cm -1 should be analyzed as a single band.
We measured the Raman spectra of DEMETFSA solutions containing LiTFSA of various concentrations (0.12 -0.58 mol kg -1 , RTFSA = 20.0 -5.00). The results are shown in Fig. 2A . As can be seen from this figure, a new band is observed as a shoulder at the higher frequency side (747 cm -1 ) of the intense band (741 cm -1 ), and this new band is intensified with an increase in the LiTFSA concentration with the pseudoisosbestic point at around 744 cm -1 . This result is consistent with those in EMImTFSA, 11b,11c,16 P13TFSA, 11a P14TFSA 16 and poly(ethylene oxide) containing LiTFSA, 19 in which the new band ascribed to the TFSA -anion bound to Li + ion was observed at around 747 cm -1 . Therefore, the band at around 747 cm -1 in the present system is also considered to be due to the TFSA -anion bound to the Li + ion. This suggests that the TFSA -anion in DEMETFSA solutions exists in equilibrium between the TFSA -anion bound to the Li + ion and free TFSA -anions under the present conditions. In addition, the weak band observed at around 764 cm -1 may be due to the DEME + cation and the TFSA -anion in analogy with the Raman spectra for EMImTFSA and P14TFSA solutions containing LiTFSA. 16 Based on the above assignment, the Raman bands in the range of 720 -770 cm -1 observed in DEMETFSA solutions containing LiTFSA were deconvoluted into three components at around 741, 747, and 764 cm -1 , as shown in Fig. 3 . From the dependence of the integrated intensities of the free TFSA -anion on the concentration of LiTFSA, the number of TFSA -anions bound to the Li + ion, that is, the solvation number (n) of the Li(I) species in DEMETFSA solutions, was evaluated by using the following equation: 16 
If/mLi
where If and Jf denote the integrated intensity of the free TFSAanion and the Raman-scattering coefficient, respectively. Figure 4 shows a plot of If/mLi against RTFSA, which is found to give a good linear relationship. Hence, the n value was evaluated as 1.85 ± 0.08. This value is almost the same as those obtained in EMImTFSA and P14TFSA solutions (1.86(8) and 1.86(3) , respectively). 16 This suggests that the Li + ion in DEMETFSA solutions is also solvated by two TFSA -anions, [Li(TFSA)2] -, as well as those in the EMImTFSA and P14TFSA solutions. 16 We also measured the Raman spectra of DEMETFSA containing larger amounts of LiTFSA (1.26 -1.92 mol kg -1 , RTFSA = 2.86 -2.22), because it is expected that the solvation structure of the Li(I) species in DEMETFSA solutions containing LiTFSA changes with an increase in mLi, i.e., in the lower region of RTFSA. The resulting Raman spectra in the range of 720 -770 cm -1 are shown in Fig. 2B . As expected, the deviation from the pseudoisosbestic point at around 744 dm -1 was observed in a concentration range of more than 1.26 mol kg -1 (RTFSA = 2.86). These results suggest that Li(I) species other than [Li(TFSA) 2] -are formed in the DEMETFSA solutions with low RTFSA ratios. As the most likely species, the Li(I) oligomer species observed in a single crystal of Li2(EMIm)(TFSA)3 might be proposed. 14 Recently, solvation through the oxygen atom of the DEME + cation to the Li + ion in DEMETFSA solutions containing LiTFSA has been proposed, and it is suggested that this oxygen atom plays important roles for Li + ion diffusion in DEMETFSA solutions, in view of ab initio molecular-orbital calculations. 10a,20 If the Li(I) species coordinating the DEME + cation is formed as the main species in DEMETFSA solutions, the solvation number (n) of the Li + ion for the TFSA -anion in Wavenumber / cm -1 Raman intensity Fig. 3 Deconvoluted Raman spectra of a DEMETFSA solution containing LiTFSA (0.42 mol kg -1 , RTFSA = 8.00) in the frequency range of 720 -770 cm -1 . The dotted, blue, and red lines show the measured Raman spectrum, the deconvoluted Raman spectra of three bands (741, 747, and 769 cm -1 ), and the total Raman spectra of three components, respectively. DEMETFSA solutions should become small compared to those in EMImTFSA and P14TFSA solutions, because EMIm + and P14 + cations have no oxygen atoms. However, the present Raman spectroscopic results showed that the n value in the DEMETFSA solution is almost the same as those in EMImTFSA and P14TFSA solutions. Hence, the Li(I) species with the DEME + cation are considered to be not formed in DEMETFSA solutions, at least in the range of LiTFSA concentrations less than 0.58 mol kg -1 (RTFSA ≥ 5.00).
Multinuclear NMR spectroscopy
In order to confirm this viewpoint concerning the solvation structure of the Li(I) species in DEMETFSA solutions containing LiTFSA, obtained from a Raman spectroscopic study, we measured the 19 F and 7 Li NMR spectra of DEMETFSA solutions. Figure 5 shows the 19 F NMR spectra of DEMETFSA solutions containing LiTFSA (0.00 -1.92 mol kg -1 ), measured at 25˚C. One singlet signal due to -CF3 groups of the TFSA -anion was observed, and its chemical shift (dobs(19F)) moved to a higher field compared to that of neat DEMETFSA (the chemical shift of the free TFSA -anion, df = 42.31 ppm) with line broadening, as shown in Figs. 5 and 6A. These broadening phenomena should be mainly attributed to an increase in the viscosity of DEMETFSA solutions due to an increase in the LiTFSA concentrations. A similar phenomenon was also observed in the 19 F NMR spectra in P13TFSA solutions containing LiTFSA. 12 These results suggest that the TFSA -anion bound to the Li + ion exchanges rapidly with the free TFSA -anion on the NMR time scale at 25˚C. Hence, the dobs(19F) values for DEMETFSA solutions are represented by
where mf, mb, and db denote the molalities of the free TFSA -anion and the TFSA -anion bound to the Li + ion, and the chemical shifts of the 19 F NMR signal of the TFSA -anion bound to the Li + ion, respectively. Here, because mf and mb are expressed as mf = mTFSA -nmLi and mb = nmLi, respectively, Eq. (2) can be expressed as
where RLi denotes mLi/mTFSA. From this equation, if n and db are kept constant throughout the whole RLi range, a plot of dobs(19F) against the RLi values should give a linear relationship. Such a plot is shows in Fig. 6B . As can be seen from this figure, a linear relationship is obtained in the range of mLi = 0.00 -0.99 mol kg -1 (RLi £ 0.30). By using the solvation number (n = 1.85) obtained from Raman spectroscopy and the intercept (df) of this plot, db was estimated to be 41.84 ppm; that is, the difference between df and db is 0.47 ppm. However, the slight curvature is observed in the range of mLi more than 1.26 mol kg -1 (RLi ≥ 0.35). These results suggest that Li(I) species other than [Li(TFSA)2] -are formed in the higher region of mLi. This supports the results of Raman spectroscopic studies that the Li(I) species in DEMETFSA solutions containing LiTFSA of relatively lower concentrations (RTFSA = 20.0 -5.00) exists as [Li(TFSA)2] -, and those in DEMETFSA solutions containing LiTFSA of high concentrations (RTFSA = 2.86 -2.22) might be present as the Li(I) oligomer species, as mentioned above.
On the other hand, on the basis of the results of a Raman spectroscopic study, 7 Li NMR chemical shifts (dbbs(7Li)) of DEMETFSA containing LiTFSA are expected not to be largely dependent on the concentrations of LiTFSA, because most of the Li(I) species in DEMETFSA solutions exist as [Li (TFSA)2] -, and the Li(I) oligomer species might be formed only in the high-concentration region of LiTFSA. Figure 7 shows the 7 Li NMR spectra of DEMETFSA solutions containing LiTFSA of 0.12 -1.92 mol kg -1 . The 7 Li NMR signal of DEMETFSA solutions containing LiTFSA of 0.12 mol kg -1 (RTFSA = 20.0) and 1.92 mol kg -1 (RTFSA = 2.22) were observed at -1.39 and -1.40 ppm, respectively. As expected, the 7 Li NMR chemical shifts are almost constant, regardless of the concentration of LiTFSA (Fig. 8) . This also supports the results of Raman spectroscopy, that the solvation structure around the Li(I) species in DEMETFSA solutions is constant, mainly [Li (TFSA)2] -, under the present experimental conditions.
Summary
The solvation structure of the Li(I) species in DEMETFSA solutions containing LiTFSA was examined over a relatively wide range of LiTFSA concentrations (RTFSA = 20.0 -2.22) using Raman and multinuclear NMR spectroscopy. From these studies, the number of TFSA -anions solvated to Li + was evaluated to be 1.85 ± 0.08 in the range of RTFSA = 20.0 -5.00. This result suggests that the Li(I) species in DEMETFSA solutions exist as [Li(TFSA)2] -in the range of RTFSA = 20.0 -5.00, which is consistent with those in EMImTFSA and P14TFSA solutions containing LiTFSA. Furthermore, it was proposed that in DEMETFSA solutions containing LiTFSA of high concentrations (RTFSA = 2.86 -2.22), the Li(I) oligomer species are formed.
